The HS subfamily of Alu sequences is comprised of a group of nearly identical members. Individual subfamily members share 97.7% nucleotide identity with each other and 98.9% nucleotide identity with the HS consensus sequence. Individual subfamily members are on the average 2.8 million years old, and were probably derived from a single source 'master' gene sometime after the human/great ape divergence. The recent Alu family member insertions provide a better image of the structure of Alu retroposons before they have had the opportunity to change significantly. All of the HS subfamily members are flanked by perfect direct repeats as a result of insertion at staggered nicks. The 'master' gene from which the HS subfamily members were derived had an oligo-dA rich tail at least 40 bases long. The 'master' gene is very rich in CpG dinucleotides, but nucleotide substitutions within subfamily members accumulated in a random manner typical for Alu sequences with CpG substitutions occurring 9.2 fold faster than non-CpG substitutions.
INTRODUCTION
The Alu family of short interspersed repetitive DNA elements (SINEs) is only found within the genome of primates (for reviews see [1] [2] [3] , having arisen within the last sixty-five million years (4) . The Alu family represents one of the most successful classes of mobile elements, having amplified to a copy number in excess of 500,000 within the human genome (5) . Alu sequences are distributed on average about 5000 bp apart within the human genome, but have also been found to cluster within specific genomic loci (6, 7) . Each Alu element is about 300 bp in length consisting of two tandemly arranged halves, with the right half containing an additional 31 bp relative to the left half (5) . Alu sequences are ancestrally derived from the 7SL RNA gene (8) . Alu elements contain a middle A-rich region, 3' oligo-dA tail which is variable in length, and are flanked by short direct repeats which form during integration. Mobilization of Alu elements is EMBL accession nos X54175, X55922 -X55933 thought to occur via an RNA polymerase Ill derived transcript in a process termed retroposition (9) . The Alu sequences distributed throughout primate genomes may be subdivided into groups of related subfamily members based on nucleotide divergence (10) . Several laboratories have divided Alu sequences into different subfamilies which appear to have arisen within primate genomes at different times (11) (12) (13) (14) (15) . The most recently formed subfamily of Alu sequences found within the human genome was originally referred to as the 'new' subfamily (16) . It has subsequently been further characterized and termed the Predicted Variant (PV) subfamily (17) and the Human Specific (HS) subfamily (18) . We will utilize the HS nomenclature. Interestingly, the HS subfamily (PV) was found to be transcritionally active, in vivo (17), a property necessary for an active retroposon. There are an estimated 500 (18) to 2000 (17) subfamily members in the human genome. Individual HS subfamily members share 5 diagnostic nucleotide substitutions (compared to older Alu sequences) as well as a high degree of nucleotide identity with the consensus sequence suggesting that they were derived from a single, or at most a closely related set of, source gene(s) (16) (17) (18) . Previously, several members of the HS subfamily were found to be present only within the human genome, and absent at orthologous positions in the genomes of other primates, indicating that most, if not all of the HS subfamily members had amplified within the human genome within the last 4-6 million years (18) . In this report, we present a detailed structural analysis of a number of these HS subfamily members.
MATERIALS AND METHODS
Library construction, screening and DNA sequencing A randomly sheared genomic library (5 kb inserts) was prepared from HeLa DNA in bacteriophage X2 Zap II (Stratagene) (18) . The library was screened with an HS Alu-specific probe (5'-CACCGTTTTAGCCGGGATGG-3') at high stringency (650C 6 x SSC/0.05 % sodium pyrophosphate) (18) . Hybridizing clones were plaque purified, and excision subcloned using Escherichia coli XLl Stratagene. Individual subfamily members were sequenced by directions as previously described (18) Fig. 1 ) within the HS subfamily members showed relatively low levels of substitutions.
Although the first region encompasses the B-box of the internal RNA polymerase Ill promoter, which might suggest a reason for selection of that region (21, 22) , that is also the region around the oligonucleotide that was used to select these clones. Thus, this region would be expected to be biased for low divergence during the cloning. Studies involving folding of the Alu-like region of the 7SL RNA molecule have suggested that the region from 245 -260 is involved in a unique secondary structure that base pairs with region 69-88 (23 -25) . Thus, this region too may be subject to selection, although it is not clear that the sampling here provides a significant level of resolution.
Age of HS subfamily members The approximate age of individual HS subfamily members was determined using the number of informative (non-CpG) substitutions relative to the HS consensus, and a rate of evolution for primate intervening nucleotide sequences of 0.15% per million years (26) (Table II) . CpG positions are considered uninformative and must be eliminated from this analysis due to a much faster 'clock' (above and (15, 27) PiN5 PIN6 C2N4 C3N1 C3N2 C3N3 C3N4 C3N6 C3N7 C4N2 C4N4 C4N6 C4N8 G15N2 G18NI G18N2 G19NI H3N1 MLVI-2 TPA 25 C4N5   P1N6 16 (10) C2N4 11 (7) (7) 5(4) 2(1) 5(2) 2(1) C3N6 13 (6) 13(8) 8(5) 5(2) 8(3) 5(2) C3N7 15 (8) 13(8) 10(7) 7(4) 10(5) 4 (2) 5 (3) 3 (1) 2 (1) 8 (1) 8 (3) 8(3) 2(1) Total changes are followed by CpG changes in parenthesis. 2 Only CpG changes to TpG or CpA were counted.
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HS subfamily member structure Inspection of flanking nucleotide sequences shows that each HS subfamily member was flanked by short direct repeats (Fig. 2) . (Fig. 2) . Although the length of the oligo-dA tails varied the composition did not. All of the HS subfamily members tails were comprised entirely of adenine residues except for HS C4N8 and P1N6. The tail of HS C4N8 contained one cytosine residue while the tail of HS P1N6 contained 3 guanine residues interspersed within it (Fig. 2) . The simple nature of the sequence substitutions in these subfamily members suggests that Alu family members are initially inserted with a homogeneous oligo-dA tail. This initially perfect tail then apparently accumulates mutations and undergoes expansions and deletions at a high rate after retroposition and integration. This is supported by studies which showed that these types of mutations in the oligo-dA tail occur frequently as inherited polymorphisms within the human population (30) .
Several of the HS subfamily members (HS PlN6, C3N7, C4N6, C4N8, G19NI and C4N5) had 1-4 extra bases immediately adjacent to the 5' end of the Alu sequence and 3' of the direct repeat (Fig. 2) additional 5' sequences (relative to the base 1 in the subfamily consensus), or from repair of the 5' end of the insertion site. There is no consensus sequence for these additional bases therefore we favor the idea that they occurred during ligation/repair of the 5 '-end of the Alu cDNA during integration. Two other HS subfamily members (HS C3N6 and C3N7) had additional bases between the 3' end of their oligo-dA tails and Nucleic Acids Research, Vol. 18, No. 23 6797 direct repeat. Given the complex nature and length of these changes it is very unlikely that they arose as a result of point mutations in the oligo-dA tail. These changes may have resulted from an insertion at the 3' end of the oligo-dA tail, or from the deletion of a portion of the 5' direct repeat during integration. Further studies involving sequence analysis of the pre-integration sites will be required to determine the origin of both the 5' and 3' sequences.
A total of ten small internal insertion and deletion mutations were observed within the HS subfamily members reported here. Only four HS subfamily members (HS C3N7, MLVI-2, TPA 25 and HS C4N5 ) contained internal nucleotide insertions or deletions (Fig. 1) . Two small 1-2 bp deletions as well as several point mutations are located within the right half (bases 213 -277 relative the consensus in Fig. 1 ) of HS C3N7. This subfamily member also has an imperfect joint between the 3' end of the oligo-dA tail and 3' direct repeat (above). The small insertions, deletions and single nucleotide substitutions found within HS C3N7 may have resulted from mutations which occurred after integration of this subfamily member. Previous studies have shown that these types of mutational events (small insertions or deletions as well as single base substitutions) are characteristic of a number of environmental mutagens including low level ionizing radiation (31) (32) (33) . The small deletion found in TPA 25 and HS C4N5 has previously been suggested as part of three tightly linked mutations from the HS subfamily consensus, forming an even more recent sub-subfamily of Alu family members (HS-2) (18, 34) . Our finding that only two out of 20 HS subfamily members have the HS-2 changes suggests that the HS-2 subfamily is quite small, with only about 50 subfamily members located within the human genome. Only 19% (4/21) of the HS subfamily members contained internal nucleotide insertions or deletions. Therefore these type of events are not very common among recently inserted Alu sequences.
Inspection of the HS subfamily member nucleotide sequences shows that the majority (17/21) of the HS subfamily members are complete Alu copies (Fig. 2) . Only 4/21 (19%) of the HS subfamily members were truncated at their 5' terminus. Each of the truncated subfamily members (HS C3N1, C3N6, G15N2 and H3N1) is perfectly abutted by a direct repeat at the 5' terminus, suggesting that these truncations may have occurred as a result of incomplete formation of the Alu cDNA during reverse transcription, during integration, or as a result of reverse transcription of an incomplete RNA.
DISCUSSION
The HS Alu subfamily members represent the most recently inserted group of Alu family members found within the human genome. Thus, they have both the lowest degree of overall nucleotide divergence between members (2.3 %), and to the subfamily consensus sequence (1.1 %). This makes them the most representative group of Alu sequences compared to the 'master' gene from which they were derived. The divergence from the consensus suggests that the subfamily has an average age of 2.8 million years. Thus, if we assume a linear expansion rate of the HS subfamily, the original 'master' HS subfamily member would have been created within the last 6 million years (2 x 2.8 million years). Several of the HS subfamily members (HS C2N4, C3N1, C4N4, C4N5, C4N6, and C4N8) have previously been shown not to predate the human/great ape divergence, also suggesting a recent origin for HS subfamily members (18) . The human/great ape divergence is thought to have occurred 4-6 million years ago (26) . Therefore, we feel that the estimated age based on intervening nucleotide sequence substitution rates is fairly accurate. However, the possibility that a small number of HS subfamily members predated the human/great ape divergence still exists as suggested by the calculated age of HS PiN5 (11.3 million years old). The low degree of nucleotide divergence also suggests that the individual HS subfamily members arose from a common source 'master' gene. The identity and exact nature of this source gene remains unknown. However, the consensus sequence for the HS subfamily (HS-2) should be the most accurate representation of the source gene currently undergoing amplification within the human genome.
The 3' oligo-dA tails of individual subfamily members varied in length, but were almost exclusively composed of adenine. This type of random length perfect adenine rich tail is characteristic of post-transcriptional polyadenylation of RNA sequences. Based on similar data, a post-transcriptional origin for the oligo-dA tail of Alu sequences has been proposed previously (34) . However, Alu sequences do not contain any known internal signals for posttranscriptional polyadenylation. The original model proposed for retroposition of Alu sequences suggests that the source 'master' gene has it's own 3' oligo-A rich region (35, 36) . The length of oligo-dA tails found within individual HS subfamily members would vary as a result of random self-priming for reverse transcription. The largest A tail found among HS subfamily members was 37 bp suggesting that the individual subfamily members were derived from a 'master' gene with an oligo-A tail at least 40 bp in length (allowing a few additional bases for self priming). The finding that the tails are originally so homogeneous, and not commonly composed of simple sequence repeats as are a number of the older Alu sequences, suggests that the model of Moos and Gallwitz (37) , in which such simple sequence repeats are added at the time of insertion, is incorrect.
In older Alu family members, over one-third of the family members have no recognizable flanking, direct repeats (29) . This could have been because they had inserted in the genome at a blunt end integration site (rather than at staggered nicks) or through mutational loss of the direct repeats. All of the HS members had perfect direct repeats of average length 12 bp. This suggests that some of the older Alu sequences had lost their direct repeats through mutation. Therefore, we conclude that all Alu sequences insert at staggered nicks (direct repeats), and that with time, the direct repeats are lost through mutation.
The rate of single nucleotide substitutions within individual HS subfamily members varied, with transition mutations (72%) occurring far more frequently than transversions (28%). This type of decay, favoring transition mutations, is consistent with that reported in a previous study of 50 randomly chosen human Alu sequences (28) . The mutations within individual subfamily members appear to have occurred in a random manner similar to that found in a previous study (28) . Therefore, we conclude that the HS subfamily members appear to evolve in a manner typical for older Alu sequences after integration within the genome.
The rate of nucleotide substitutions within HS subfamily members involving CpG dinucleotides was 9.2-fold higher than at non-CpG positions. These positions decay unidirectionally to form TpG or CpA residues as a result of the spontaneous deamination of 5-methyl cytosine (38, 39) . Previous reports involving Alu sequences (15) and other pseudogenes (27) have shown about a 10-fold higher rate of decay for CpG positions.
Therefore the CpG decay rate within HS subfamily members appears typical for Alu sequences as well as other vertebrate pseudogenes. The CpG dinucleotides almost certainly represent mutation hotspots because of methylation. Different Alu family members have different levels of CpG changes. Thus, the Alu family members are almost certainly methylated in the genome. The numbers of CpG changes are low enough in the HS family members so that it is not certain whether this is statistical fluctuation, or whether perhaps individual Alu family members are subject to differing germ line methylation environments after insertion. In contrast to the individual Alu copies, the Alu consensus sequence, and therefore the Alu 'master' gene sequence, is very rich in CpG residues which have not changed much over primate evolution (above and 16). This suggests that the 'master' gene(s) is hypomethylated in the tissues in which germ line retroposition must occur.
